General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA Technical Memorandum 79151 


(NASA-Tf1-791S1) N^TAL-DIRLECTRIC 
INTERACTIONS (NASA) 24 p HC A02/NF A01 

CSCL 1 1 F 


G V26 


METAL-DIELECTRIC INTERACTIONS 


Donald H. Buckley 
Lewis Research Center 
Cleveland, Ohio 



Prepared for the 

Conference on Electrical Insulation and Dielectric Phenomena 
spons : . d by the Natio^al Research Council 
Whitehaven, Poi.nsylvania, October 21-25, 1979 


N79-25195 

Unci as 
22275 


E-007 


INTRODUCTION 


Thore are a wide variety of situations wherein metals are in solid state 
contact with dielectric materials, TriboloKical applications are examples. The 
adhesion, friction, and wear of metals contacting glasses, (X)lymers, ceramics 
as well as the interface formed for coatings of these materials on metal surfaces 
find a^)pllcatlon in many practical tribological devices. 

The surfaces of the metul and the dielectric, their structure, phvsies, 
chemistry, and mechanics effect the nature of Interfaclal interactions when the 
solids are brought into contact. Adsorbates, oxides on the metal, crystallo- 
grai^hy of both metals and crystalline dielectrics, ;md the nature of environmf>ntal 
constituents effect interfacial behavior. 

T.,e objective of the present paper is to review some of those factors which 
influence solid state Interat-tlons for metals in contact with dielectric surfaces. 
Since surfaces play such an importajit part in these interactions the use of ana- 
lytical tools in characteHzlng surfaces will be discussed. Adhesion, friction, 
and wear will be used as indicators of the nature of the bond strength of the 
metals to the dielectrics. 

KKt^ULTS AND DISCU^’SION 
Metal-Dielectrlc Contacts 

Metals contacting glasses . - Where an argon ion sputter cleaned metal sur- 
face is brought into contact with an ordinary glass surface which has been heated 
in vacuum to remove adsorbates and subsequently cooled prior to the solid state 
contact strong bonds of adhesion develop between the clean metal and the glass. 
Any attempt at tangential mo< ernent of the metal along the glass surface results 
in fracture in the glass. Subse(|ueiit examination of the metal surface reveals 
the presence of the glass in the metal inlerfaciai region. 

In figure I friction force (the resist ance to tangential movement of the 
metal along the glass surface) is plotted as a funedon of the load or force with 
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which the metal is preSHod a^toinat the );laH8 surface. The eun'e presented in 
fluure 1 represents data obtained for three different metals, Kold, iron, and 
aluminum in eontoc’t with the same ){lass surface. A single eur\e can represent 
the data for all three metals (ref. 8 ). 

'Hie three metals were selected because of their differences in alfinity for 
th(* elemental constituents in the riold In'in^ the least active and aluminum 

the most. Glass was found adhered to the clean metal in each case. 

Since the friction force in fi>;ure 1 is the force required to fracture the 
glass, and that is essentially unchanged the nature of the metal has little effect. 
T*u presence of the glass on the metal surface indicates that the cohesive frac- 
ture strength in the amorphous glass is less than the interfacial bond strength 
between the metal and the glass. If this were not so, then the clean surfaces 
would separate at the interface. 

If the experiments of figure 1 are repeated in moist air with a thin lubri- 
cating film of octane, to exclude, to some extent the environment from the inter- 
face, entirely different results are obtained. ITiese are presented for gold and 
iron in contact with glass in figure 2. 

The friction force, or force to move the iron tangentially on the glass sur- 
face is appreciably less than that observed in figure 1. Adsorption of the oc- 
tane to previously cleaned metal and glass surfaces reduces marki'dly inter- 
facial bond strength thereby promoting greater ease of tangential motion. 

'Hu* friction force in figure 2 fo»* the gold contacting glass is greater at the 
higher loatls than it is ijr iron. Gold unlike the iron, does not strongly adsorb 
the octane and the film at the interface can be more easily broken down. As the 
load is increased the amount of metal in real contact with the glass increases. 

At loot) gram load, the friction foi'ce has increased to near that observed for 
the clean surfaces indicating that the lubricating or shielding effectiveness of 
the liquid has been nearly eliminated. 


Thr imi>ortanci' of onvironnu'nt u|)on Intorfacial behavior for motalH in ixin- 
lact with dleli'ctrlcs can readily be demonatrated. Octane, which was used as a 
blunketiiiK fluid on the surface of the i;la»s in figure 2 has a relatively hii;h vapir 
pressure. If flowinn air is passed over the ulass surface containinK the octane 
the vajsir is carried away and the moist air interacts with the surface. When 
this occurs there is a noticeulile ilecrease in the coeiflcient of friction for the 
two surfaces in contact. In figure It, seijmenl A of the Iriction trace representc 
the weaker inlet facial bonding that occurs between tlie metal, ^old, and the lilass 
surface when the surfaces contact in the pre-»ence of moist air, ITie moment oc- 
tane is placed on the surfai-e the interiacial bond strength increases :uid so does 
the friction. 'ITiis is reflected in seitnients B of the actual friction trace presen- 
ted in fi|{ure 3. The data of figure 3 indicate the imptirtance of environment on 
the Interfacial interaction of a metal with a dielectric surface. 

With metals In contact with ulass surfaces in vacuum, as has alreaily been 
discussed, the interfa''ial liond sirenuth is such that fracture occurs in the i;lass. 
Where the glass surface is e\|x>sed to moisture as in figures 2 and 3 metal trans- 
fers to glass. This observatiem has been maile by other investigators as well 
(ref. 1). 

The application of .'ui eileclive b. nndary lubricant such as anorganic acid 
to a glass surface reduces aiipreciably the Ivtiui strength Indween a metal :uid the 
glass bv preventing soliil state interiacial contact ol the solids. The presence of 
such a film can nearly completelv eliminate iracture in the gla.ss and shear in the 
metal. I'he reason for this is that the werikest Uinding at the interface exists 
between the acid molecules adsorbed to both surfaces. The nature of the metal 
contacting thi’ glass is therefore of lesser importance. Hiis is indicated in the 
data of figure 4. 

Stearic acid is an effective boundary bibricant ami in figure 4 very little dif- 
ference is observed in Iriction behavior Indweeii gold and iron in contact with 
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^Ims8, IW'i'auHi', howi‘Vi'1*, thi- actil now plavH such a hUouk >'oU* In inU’rlac'al 
iH'havlur H'« pix>|HM-tif8 bivoim* oxtivnu'Iy im|K>rtant. 'ITu* inijiortanro of llifso 
proportloK \vn« rtvonnizod vorv oarlv (ii*f. :»). 

C'ryHlalltnK l'ontai'tln(> MrtaU 

VMu'n cry St all I lU' oxides contact metal surfaces the nature of interfacial 
U>nds that ilevelop th'pemi \er> hca\llv upon tin* orientation of the oxid»* at tlu’ 
interfai’e. lliis has Ihh'Ii ohserx »*il in the adhesion, rriction, and wear lH*ha\ior 
of these materials (i'(‘fs. I to S). 

In addition to the orientation o| the oxiile, the metal orientation is extremely 
im(Kirtunt. I'his is tiemonstrateil in the data of tit'ure 5. A tuni;sten disk with 
\ery laruc grains was analy/.iHl to determine the orientation of each t^rain at the 
surface. The orientations are depiet«-d in the drawing under the disk iihotottraph 
of finure 5(a) and in th«* unit triangle of figure 5(l>). A fixed orientation of sati- 
phire (l(ilO)f)Oi)f) was slid on the timt^sten ilisk very slowly out near the circum- 
ferential educ (ilashed line in tin. 5(a)). Thi' friction force, a measure of the 
interfacial lH»nd strentith, was measureil for each |x>int alonn the disk suiTace. 

This was ilonc in U>th vaeuum and air. ’Ilie friction coefficients obtained are pre- 
sented in (inures 5(i-) aiul (d). 

I’hc results cd (inure 5 indicat” that not only iloes the crystallonraphie plane 
efiect intcri'acial beha\ ior but channes tn direction within a partieular ni'<*i<i ean 
prixhice vcr\ pronouni'inl cllects. I‘urther. as has already been observed envi 
mnment pri>diu‘es dramatic channes in friction behavior which reflects the 
channes in inter! act at Ixuul stnmnth. 

It is of interest to mite in finuia* 5 that not only Is friction ncnerally less in 
air but the relative amount of the reihiction is stronnlv a function of direction in 
any ni'8"b minht anticipate dillei’ences in ad.sorbate uptake lor a ni'en 
extxvsure to air for the various nvain orientations present on the vlisk surfaet* 
and. aceortlinniy. ilifferences in inlerfacial Ixuul strennlhs aiul friction force. 

'I'he variation with illrcction is. however, somewluit more surpristnn. 
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Mi'tal -Carbide Interactlona 

Silicon carblik* la one of the moat widely uaed Krlndini; materlala. It is most 
Ireijuently used in the removal of metal. There is solid stale interfacial contact 
between the dielectric and the metal. The nature of interfacial Ixmdinit effects 
the life of the silicon carbide. If Hti'oni; interfacial adhesive Ixmdinit occurs metal 
can transfer to the silicon carbide surface or fracture can occur in the silicon car- 
bide. Kither event is d<>trimental . 

The iiiirrfacial bondintt of metals to silicon carbide is extremely sensitive to 
the nature and com|)osilion of the surface. Variations in the nature ol the carbide 
surface chemistry can alter interfacial lx>iuliii|t anil in turn friction forces for 
metals contactini; that surface. 

Fliture (5 contains friction data for titanium metal in contact with silicon car- 
bide in various states, sputter cleaned, with an ion lx>mbarded oxygen film and 
with a simple ailsoibed film of oxyuen present. With the initial sliding across 
the surface difference In friction behavior exist indicatini; differences in inter- 
facial bond strenuths. Uepeated passes over the same surface results in the gen- 
eration of a new surface which, ultimately alter 10 passes is nearly identical and 
this is reflected in the friction data of fli^^ire G. 

Not only do bindini; propi-rties of the dielectric but tlmse of the metal will have 
an influence on the interfaeial bond strenKlh for metals in contact with materials 
such as silicon carbide. For example, with transition metals, the chemical ac- 
tivity of the metal as rellecteil In the percent ol a valence (d) Ixmd character effect 
the interfacial Ixmd strenutli. The more chemieally aetive the metal (i.e., the 
smaller the percent d-bnnd) the stronner the Ixmd and the higher the friction coef- 
ficient (ref. !)). 'Hiis is diunonstrated in thi' data of figure 7 lor various transi- 
tion metals in contact with silii*on carijide. 
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PolynuT- Mftal Interactions 

In our laboratory wc have for some time been studying pnlymer*metai in- 
teracllons usinn IxMh Au^ter emission speet roscop'- and field ion mieioseopy 
(ref. 10). The field ion microscopic used in conjunction with the atom probe can 
Klve detailed structural and chemical information at the atomic level. Kach in- 
dividual surface atom site can be identified and the chemlstrv of a sinRle atom 
fingerprinted. 

FlKure h is a field ion photomicroKraph of a tungsten surface. Kaeh indi- 
vidual while spot Indicating an individual atomic site and the rings representing 
atomic planes. Incorporated diri‘ctly into the field ion microscope is an adhes- 
ion device. Hie deailts of it and other analytical tools used in adhesion experi- 
ments are reviewed in reference 11 

Polyimide is an <‘Xtremely promising polymer for pott uial use in trilx)- 
logical applications, ft's wear Ix'havior is, however, highly sensitive to the na- 
ture of the interface when in contact with metals. This is related to interfacial 
adhesion of the polymer to the metal surface. IX'tailed field ion microscopy 
studies of the adhesion of polyimide to metal surfaces have therefore been con- 
ducted. A photomicrograph of a tungsten surface after contact is presented in 
figure if. 

An e\a<.. illation nl figure' it indicates that the tungsten mclal surface atoms 
seen in figure 8 have been completelv covered by (xilyimide (PI in figure) which 
have transferred to the metal surface as a result of solid stale contact. The 
interfacial adhesion inrees between the metal and fyilymer are stronger than the 
cohesive forces in the pftlymer. This has been consistently observed with other 
dissimilar materials in contact as well. The interfacial Ixmd is generally 
stronger than the cohesive bond in the cohesivelv weaker of the two materials 
(ref. 11). 


If thi’ normal force ap|)lied lo the |xilvmer in contact with the metal 1 h In* 
creased, the amount of polymer transU rred to the metal aiirfaee alao inereasea. 
In flKure 10 the polymer transfer film afipeara a<‘ r<Ki>llke structures present on 
the surface. Iliese are larger p«)lymer Irauments than obser\ed in flKure 0 at 
lighter normal forces. Fiel<i evap >ratlon of the polymer from the metal surface 
Indicates that the chain>like tragments of figure 10 extend further alxivc the 
metal surface than those of figure S). With continued field evaix>ratlon the |X»ly- 
mer film can ultimately be completely strippisl away leaving the clean tungsten. 
Similar observations have been made with other polymers such as polytetra- 
fluoroethylene frel. 10). 

INTflt FACIAL OXIDF FILMS 

Many applications exist for the use of refractory compounds. Application 
areas include the field of tribi>l(»gy. The Interface between the coating and sub- 
strate is extremely impfjrtant, as is its characterization, In tribological appli- 
cations there is yet i..nother interface, that existing between the refraefiry com- 
pound coating and a metal or alloy .surface in sliding or rolling contact with the 
free surface ol the relraetory eom|X)un(l coating. This is depicted schematically 
in i'lgure 11. 

In ligure 11 a -4-toC bearing steel sulistrate is indicated as having a coating 
on Its surface. A steel pm is in sliding eonlaet with the coated surface. V\’hcn 
a load is applied to the steel pin and it moves tangentially across the surface 
cracks can develop in lln' coating. Adhesion of the coating to thi* substrate is 
extremely important. If adhesion between coating and metal .suostrate is poor 
the coating can spall ofl at the surface leaving substrate metal ex|x'sed as indi- 
cated in figure 11. With subsequent pas.ses t»f the steel pin across the surlaee 
steel can transfer to the exposed substrate and this transferred metal will, 
when deformed by the steel pin, cause the spallation of more e»>ating material. 
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It becomes fairly ob\’ious from the fort^inK discussion that whatever can be 
done to improve interfacial adhesion will benefii coating life and performance. 
During the course of our studies it has been found that the presence of oxide films 
on the metal surface improves adhesion, lliln rxid'j layer ran be developed by 
oxidation of the metal or alloy suhsw'ate prior to de(.o8ition oi *hc refractory 
compound. If the substrate shown in figure 11, fur example, is or.idized the 
Auger emission spectrum for that can be used and an indicator of oxygen uptake 
on the surface. 

Figun 12 is an Auger spectrum for the 4 I0C surface that has been oxidized. 
The npectrum indicates the major metallic elements present namely, iron, chro- 
mium, carbon, ~and oxygen. The carbon can arise from tw-o sources, the carbide 
present in the alloy and adsorbed gases of carbon monoxide and carbon dioxide 
which may be present on the surface. 

While Auger emission spectroscopy analysis is extremely useful in identi- 
fying the elements present on the surface and can give some indication of com- 
pound formation from chemical shifts, x-ray photoelectron spectroscopy (XPS) 
is more effective in fingciprinting surface compounds. An XPS spectrum for the 
Is oxygen spectral line from the •140C surface analyzed with Auger in figure 12 is 
presented in figure 13. The source of the oxygen of figure 12 can be seen in fig- 
ure 13 where the binding energies for oxygen, adsorbed oxygen, and oxides have 
been sorted out with the aid of an analog curve resolver. In addition to adsorbed 
oxygen, chromium oxide (Cr.^O.j) and two oxides of iron Fe.,0.j and FeO appear 
to be present. TTius, with XPS the source of oxygen can be pinpointed. 

When a refractory compound such as molybdenum disilicide or molybdenum 
boride is initially sputter depiosited on the 440C surface containing the oxide film 
a coating of mixed chemistry results. With the slllcide at the oxide refractory 
compound interface both molybdenum disilicide and silicon dioxide (SiO^) are 
present as indicated in the XPS data of figure 14(a). The deposition of the boride 
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In its early staKe:) results in both molybdenum boride and boric oxide being pre- 
sent at the interface (Ttg. 14(b)). If coating deposition continues ultimately only 
the refractory compound is detected. 

The composition, amount and depth of oxide between metal substrate and re- 
fractory compound is altered by the amount of surface oxidation that takes place 
as well as other parameters such as biasing or not biasing the metal sul)strate. 

A refractory carbide coating of Mo,,C was sputter deposited onto a 44UC sub- 
strate under various conditions, no biasing, biasing the substrate at -:K)0 volts 
and with oxidation. Depth profile analysis of the refractory coating, the oxide 
and the substrate surfacial layers was conducted. The results obtained are pre- 
sented in figure 15. 

It is interes^I'.; to note in figure 15 the differences in composition for the 
three cases also that the iron oxide of figure 12 which was has been re- 

duced to the lower oxide of iron Fe^O^. In all likelihood the oxygen is consumed 
in the conversion of some of the carbide to oxide. 

WTien the surface oxides were removed froni the 140C steel surface as in 
figures 15(p> and (b) the adhesion of the refractory compound to the substrate 
was extremely poor. It just peeled away from the surface. The oxide inter- 
layer sandwichcKi between the metal and the refractory compound appeared to 
lx* necessary. 

in an attempt to understand which of the two elemental metallic components 
of the substrate Indicated in figure 12 was responsible, if either, for the poor 
oflherence sputter etched clean Iron and chromium surfaces were sputter coated 
with molybdenum carbide. Photomicrogra|)hs of these two surfaces are pre- 
sented in figures 16(a) and fo). The coating on the iron surface remained fully 
in tact while that on the chromium surface peeled and flaked off the surface^ 
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PrcoxUiaiion of thi> iron surfaLo to form ^'*''2^3 fniprovt.>d adhi-iiion but also al- 
tered the morpholoKV of the surface film (ace Hh. 16(c)). 

If the oxldl/ed 44UC contaliiiiiM: Fe,,0., is coated with niolytxJenum, carbide, 
boride, or silicide by radiofrequency sputterinit the interfaciai reKion will con- 
tain yaried oxidea. KiKure 17 is a schemraic I'epresentation of the interfaciai 
reition with these three coatiiiK materials an a 440(.' substrate ad determined 
from ion profiling w-ith XPS analysis through the liliu to the *nterfacial reKion 
and then on to the substrate. 

The lirst most K<^n<^i*al obsen ation to be maiie is that the Fe.,0.j and FeO 
formally present on the 440C have been replaced by Fe.jO^ with all three films. 
Next with the molybdenum carbide in addition to iron oxide, molybdenum oxide 
(MoO^) is present in the iron oxide and molybdenum carbide. 

With both molybdenum Inride and molybdenum silicide in fiKure 17 two ox- 
ides in addition to iron oxide are present in the interfaciai rcKion. Just as with 
the carbide film the oxide of molybdenum (Mo()^) is present at the Interface. In 
addition to these with the boride there is boric oxide (B.,0.^) and with the silicide 
there is silicon dioxide (SiC)2). I”he presence of the oxides in the interface re- 
Kion help to promote stroiiR atiheslon of the refractory compound to the sub- 
strate. 

The friction and wear behavior of coatiiiKs are a Kood indicator of the adhes- 
ion of the coatliiK to the substrate. If adhesion is koocI the coatinK will exhibit its 
characteristic friction properties. Further, since the basic coatiiiK material 
has Inherently KOod wear reslstanee, if it remains adhered to the surface wear 
should also be low'. TTie data of fiKure IH indicates the friction and wear per- 
formance of the molybdenum Ixjrlde, molybdenum silicide, and the molybdenum 
carbide for the oxidized surface. The data indicate that the molybdenum carbide 
imparts the lowest friction and wear to the surface. 


SUMMARY HKMAKKS 


The nature of Irtartaclal bondlnK between metals and dielectrics can be ef- 
fectively determint'd with adhesion and friction force mcaMurements, Films 
present on the surface such as oxyiten or water vapor markcnlly alter adhesive 
bond strenKths which In turn affects friction force and intcrfaclal fracture when 
attempts are made to separate the retoons of contact. Metal -to-dielectric con- 
tacts are sensitive to the metal surface orientations with adhesion and friction 
force varying with orientation. 

Analytical surface tools such as the field Ion microscope, Auger emission 
speriroscopy and x-ray phntoelectron spectroscopy are very effective in provid- 
ing insight In the eflect of contact on the surfaces of metal and dielectrics. They 
Inldcate the region of intcrfaclal separation for metal-to-polymer contacts and 
when the spectroscopy devices are used with Ion depth profiling they provide In- 
formation on the role of surlaee oxides in the adhesion of coatings to metal sur- 
faces. 
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FtBuri 3. • Co«(llcl«n( o* Uictlon for gold sliding on gins with ond without ocUn# tllm. Moist 
Jlrj sliding velocity, 30 centimeters per minute; loid. lOOgremsj lemperoture. 23® C. 
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Figured. - Friction lorce as liinction ol normal load (or 
gold and Iron sliding on glass lubricated with Q 20 percent 
stearic acid in henadecane. Sliding velocity. Wcenti- 
meters per minute; temperature, 23® C. 
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Fiourt 7. ■ Coifficitnl of friclion it lurKtion of per- 
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Figure 6. * Average coefficients of friction for 
titanium rider and silicon carbide disk sets 
111 with adsorbed-oxyqen film and i2) with 
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Flguri' 8. • Tungsten prior to contact (15.0 kV, hetium image gas, tiould 
nitrogen coollngl. 
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Figure • Tunqslen aller polymide contact M3.0 kV, helium Image gas, 
llo' helium coolingl. 
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Figure 10. - Tungsten after polymide contact (9.25 kV, helium Image qas, 
liquid helium coolingl. 
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Figure II. ■ Schenatic illustration o( progressive coating failure 
lor steel pm sliding on RF sputtered coating on 440-C disk. 


Figure 12. - Auger spectrum ol oxidized 44nf steel disk. Furnace temperature. }4(f C; duration, 
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Figure 13. - Oxygen list spectral 
lir>e from <utar test specimett 
showing binding energies ol 
Is electron in several com- 
pounds ond resolution oi peak 
obtained with analog curve 
resolver (ret. 1*. 
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Figure 14. - x-ray photoelcctror spectroscopy 
peaks showing separation of peak due to 
ondes from that due to molybdcnuin caM- 
pound. 
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Flour* 16. - Iron and chromium radlofr*qu*ncv splittfr coal*d with molyb' 
>n .<0 carhid* with a -TO volt Was. 
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Figure 17. - Schematic repreteiilatior of mterlacial region at Mo^C. 
MoSi^, and Mo^B^ radiotreguency -sputter cottings on oxidired 
44or substrates. Bias, -300 volts irel. IZi. 



Figure 1*. Iriclion coetlicient and rider wear al'er running on various r* 
sputtered coalings on C4U C disk. loadC.TSN. speed TSems'. nitrogen 
atmosphered. duration in mm, disk oiidi/ed. 


